We employ ambiguous figures and rivalrous stimuli that have multiple ambiguous properties to show that the different attributes of an ambiguous stimulus can undergo independent switching dynamics. This suggests that competition is distributed and attributespecific, consistent with the known functional segregation of visual processing. Conflicting evidence that binocular rivalry is an early or late visual process may be better understood as evidence for attribute-specific competition occurring at multiple stages of visual processing. Specifically, we show that whether perceptual selection during binocular rivalry is early and eye-based or late and percept-based depends on the particular ambiguous attributes of the rivalrous stimulus.
Introduction
When viewing an ambiguous figure, perception fluctuates between mutually exclusive perceptual interpretations. But the subjective unity of perception belies the distributed nature of the underlying neural representation. Since the different attributes of a visual stimulus are encoded across an interconnected network of specialized cortical areas (Livingstone & Hubel, 1988; Van Essen, Anderson, & Felleman, 1992; Zeki & Shipp, 1988) , it is possible that competition is not between rival percepts, per se. Rather, visual competition may be mediated within the particular visual areas selective for the separate ambiguous attributes of a visual pattern. This hypothesis provides the unifying theme behind the three experiments reported here. We demonstrate either independent or interacting switching dynamics for the different bistable attributes of a visual stimulus. The common method is to use patterns that have multiple competing ambiguous features.
Independent bistable processes
In the first experiment, we demonstrate dissociation between the processing of different ambiguous attributes of a visual stimulus. Observers were presented dichoptically with ambiguously rotating (transparent) objects having the same size and shape in each eye. The objects were created with different collections of random dots that were differently colored in each eye (red vs. blue), resulting in binocular rivalry. Therefore these objects have two bistable attributes: the direction of rotation, and the perceived color. Observers recorded both the perceived color and the perceived direction of rotation throughout every trial. In the second condition, the objects were assigned opposite, unambiguous directions of rotation in each eye (by rendering them as opaque).
Methods
The objects in both conditions were rotating pairs of hemispheres defined by structure from motion (see depiction in Fig. 1A ). They were created by randomly plotting dots on the surfaces of two hemispheres placed back-to-back, such that the open cups are aligned in opposing directions. These dynamic patterns induce a vivid sense of rotation in depth but with ambiguous interpretation: either as leftward or rightward rotation about a vertical axis (corresponding to clockwise or counter-clockwise rotation as viewed from above). If the same collection of points in binocular correspondence are colored red in one eye and blue in the other their color may appear fused as a pale purple. We used different collections of points for each object, thereby instigating binocular rivalry, characterized by alternating phenomenal suppression of one of the objects.
Observers recorded the perceptually dominant color simultaneously with recording the perceived direction of rotation. In the first condition, the objects were rendered as transparent and therefore have an ambiguously defined sense of rotation. In the second condition, both objects were rendered as opaque by hiding rear surfaces that are occluded by near surfaces. The opaque objects have an unambiguously specified sense of rotation, and opposite senses of rotation were presented to each eye in this condition. In addition, the opaque hemispheres were Ôcapped,Õ so that the interior dots were occluded to avoid a problem where the concave interior of the hemispheres sometimes appears convex.
Six naïve observers, with normal or corrected to normal vision, viewed four 30 s trials of each condition with the two conditions interleaved, and the colors and unambiguous directions of rotation fully counter-balanced across different trials. Two keys were pressed by the left hand to indicate red vs. blue and two keys by the right hand to indicate left vs. right rotation. Performing both tasks simultaneously requires a slightly higher level of concentration on the part of the observers. We found that observers were able to perform the task after a short training session. All observers reported that intermediate states with more than one color visible at the same time only occurred very briefly during transitions between colors. Similarly, transitions between different senses of rotation were consistently reported as instantaneous across observers.
The hemisphere radius subtended 1.5 deg visual angle, viewed from 57 cm. The transparent objects were rendered with 500 dots (with infinite lifetimes) per object, and the opaque objects had 900 dots per object. Therefore the surface dot density was 17.7 dots per degree visual angle (dva) squared for the ambiguous objects, and 21.2 dots/dva 2 for the unambiguous objects. Dot densities were chosen so that the objects instigated rivalry and such that the dot densities as projected to the screen were visually similar between the two conditions. Rotating hemispheres have a dynamic bounding contour and a much more complex structure than rotating cylinders or spheres. These objects were chosen because, in our experience, they yield a more robust impression of 3D structure from motion when viewed for extended periods than do simpler objects. Dot size was 3 pixels (6.84 arcmin). The objects rotated at 30 rpm about vertical axes that were parallel to the screen and perpendicular to the line of sight. The red dots had RGB values of 1.0, 0.25, 0.25, and blue dots 0.25, 0.25, 1.0, both rendered on a gray (RGB = 0.25, 0.25, 0.25) background. Actual chromatic content and luminance of these RGB values on our display were not quantified.
For this experiment and the ones that follow, observers viewed stimuli on a 20 00 Sony Trinitron monitor in a darkened room with head position fixed by a chin/head rest. Observers in all experiments were experienced The rivalrous objects were pairs of rotating hemispheres defined by structure from motion. Depicted is an opaque version of the object. The shaded version of the object visible inside of the randomly plotted dots is present in the figure to help visually describe the object shape but was not present in any of the experiments using this shape. (B) The average number of perceptual alternations per trial for each attribute (color and direction of rotation) are shown for rivalrous ambiguous (transparent) and rivalrous unambiguous (opaque) objects. (C and D) The results from one trial for each subject are plotted for each condition. The square wave indicates changes in perceived direction of rotation. Red/blue background shows changes in perceived color. Perceptual transitions for each attribute were asynchronous for transparent objects (C) and synchronous for opaque objects (D). All error bars are standard error of the mean.
psychophysical observers who were not informed of the purpose of any experiment. All observers had normal or corrected to normal vision. Dichoptic stimuli were viewed using a frame sequential stereo display (1024 · 768 resolution, 48 Hz/eye) using liquid crystal shutter glasses (CrystalEyes2 from StereoGraphics Corp). Non-stereo stimuli (experiment 3) viewed at 1280 · 1024 resolution and 72 Hz. All stimuli were rendered in orthographic projection to eliminate perspective information. A central fixation cross (composed of two rectangles with width 0.1 dva and height 0.35 dva in a cross configuration; RGB = 1.0, 1.0, 1.0) was visible throughout all experiments. Stimuli were generated using custom software on the SGI Irix platform using the OpenInventor and OpenGL toolkits.
Results
When viewing rivalrous, ambiguously rotating objects, the perceived changes in color and rotation were independent ( Fig. 1C) , and the switching rate was higher for color than rotation (Fig. 1B, left) . This demonstrates asynchronous bistable processes for each rivalrous attribute. In this case, alternations due to color/form rivalry were independent from perceptual reversals due to ambiguous direction of rotation. In the second condition, observers viewed opaque objects, with different colors and opposite senses of rotation in each eye. In contrast with the first condition, observers reported changes in perceived color that were synchronous with changes in perceived direction of rotation (Fig. 1D) . The difference in the results in the two cases reflects the fact that both color and sense of motion are uniquely associated with an eye when viewing the unambiguous objects, but direction of motion is not uniquely associated with an eye when viewing the transparent objects. In the transparent case color may be resolved by eye-based competition, with resolution of rotational ambiguity deferred to later processing stages.
Previous work has also demonstrated dissociation of processing of the different attributes of a rivalrous stimulus. For example, Creed (1935) described color integration despite form rivalry, and Treisman (1962) found that stereopsis could survive color rivalry. In addition, integration of motion information can occur during color or form rivalry (Andrews & Blakemore, 1999; Carney, Shadlen, & Switkes, 1987) . There are even independent rivalry mechanisms demonstrated for fast and slow motion channels, with rivalry not occurring between fast and slow motion (van de Grind, van Hof, van der Smagt, & Verstraten, 2001 ). These studies demonstrate that integration of information between the eyes can occur despite rivalry imposed by a different visual attribute. In contrast, our experiment demonstrates multiple bistable properties undergoing independent oscillations. The point of this demonstration is that the independent oscillations of each ambiguous property cannot be due to a single, central oscillator, or a single common mechanism determining perceptual outcomes.
Attribute-specific competition
The synchronous alternations in the second condition of the previous experiment ( Fig. 1D ) highlight an outstanding problem in understanding binocular rivalry. It is not clear what is competing in this situation: the rival perceptual interpretations, or the monocular channels conveying binocularly irreconcilable patterns (Blake & Logothetis, 2002) . Considerable evidence supports the latter point of view that binocular rivalry is due to interocular competition in primary visual cortex (V1) (Blake, 1989; Blake, Westendorf, & Overton, 1980; Polonsky, Blake, Braun, & Heeger, 2000; Shimojo & Nakayama, 1990; Tong & Engel, 2001) . In this view, the visual system suppresses the input from one eye during binocular rivalry. Other psychophysical evidence supports the view that a pattern or percept is stabilized during rivalry (Logothetis, Leopold, & Sheinberg, 1996) . For instance, some cases of interocular grouping during rivalry suggest the influence of processing in extrastriate cortex (Kovács, Papathomas, Yang, & Fehér, 1996; Ooi & He, 2003) . However, even in these cases, other evidence suggests that it is actually the input from an eye that is suppressed, not a rival pattern (Lee & Blake, 2004) . Another innovative study tested for pattern rivalry using an experimental manipulation in which low-level form rivalry was eliminated. In this study, subjects viewed different global patterns in each eye that were composed of fusible local elements. The incompatible global patterns alone were not sufficient to cause rivalry (Carlson & He, 2004) .
To disentangle eye rivalry from pattern rivalry, the stimuli can be exchanged between the eyes to test whether the dominant eye or pattern remains dominant after the exchange. Several studies find that the perceived pattern changes when the stimuli are swapped between the eyes, indicating persistence of the dominant eye (Blake et al., 1980; Chen & He, 2004; Lee & Blake, 2004; Pearson & Clifford, 2004) . Other studies have revealed persistence of pattern despite eye change , especially with continuous and uniform stimuli (Bonneh, Sagi, & Karni, 2001) , although the necessary viewing conditions to achieve this are limited (Lee & Blake, 1999) . We explore this issue in this set of experiments by presenting rivalrous stimuli for brief periods separated by short intervals where they are removed from view. This interrupted method of presentation stabilizes ambiguous figures and rivalrous stimuli in one interpretation for extended periods (Chen & He, 2004; Leopold, Wilke, Maier, & Logothetis, 2002; Orbach, Ehrlich, & Heath, 1963; Pearson & Clifford, 2005) .
Methods
Observers viewed rivalrous stimuli intermittently with stimulus on times of 1.25-1.5 s and off times of 2.0-2.5 s (see Fig. 2A ). Unlike the first experiment, the objects were the same color in both eyes. The task was to report which stimulus was perceived each time they were presented by pressing one of two keys on the keyboard, using a binary forced-choice paradigm. We did not employ fast switching (e.g., 3 Hz) or rapid flickering (e.g., 18 Hz) of the stimuli to promote stimulus persistence as did other work . Four types of stimuli were used in five separate experiments that are described below. In a given trial, the objects were either never exchanged, always exchanged, or unpredictably exchanged between eyes across successive stimulus presentations. In the analysis of the data, we determined the probability that a dominant stimulus or eye-of-input would remain dominant for each pair of successive epochs. This measure is given as the survival probability (SP).
The first experiment employed both rivalrous, unambiguously rotating hemispheres and rivalrous, orthogonal gratings. Each stimulus was presented intermittently using both the always exchanging and never exchanging trial types. Stimulus on time was 1.25 s and off time 2.5 s. Observers viewed eight, 90 s randomly interleaved trials for each of the four combinations of stimulus and trial type. In this experiment we were particularly interested in whether the stimulus or eye of origin would show persistence in the always exchanging conditions. The rotating hemispheres were opaque, unambiguously rotating objects, and different senses of rotation were presented to each eye. The objects were constructed with the same parameters as the previous experiment, except that dot density was 350 dots/object (surface density 8.25 dots/ dva 2 ), objects rotated at 35 rpm, and the RGB dot color for both objects was 1.0, 0.25, 0.25. Rivalrous, sinusoidal gratings were presented on square patches (1.5 dva/side) oriented at ±45 deg. Gratings were standing waves alternating at 1.0 Hz with 2.5 cycles/deg, with average luminance that matched the gray (RGB = 0.25, 0.25, 0.25) background. Viewing distance was 57 cm. Both authors and four naïve subjects participated.
The purpose of the next four companion experiments was to test for eye or attribute persistence under conditions in which the objects are unpredictably exchanged between the eyes. Both the rotating hemispheres and gratings were used again, as well as rotating ellipsoids and circular patches of translating dots. Each experiment tested one of these four rivalrous stimuli in a single 3.5 min trial in which the objects were randomly exchanged between the eyes. Stimulus on time was 1.5 s and off time 2.0 s.
The experiment with rivalrous, rotating hemispheres used the same stimulus parameters as the first In the Ôalways exchangeÕ condition, the patterns were swapped between the eyes on successive presentations. Depicted is opposite senses of rotation presented to each eye. (B) Survival probability (SP) is the percentage of the time in which a dominant eye or dominant pattern persists across successive presentations. The SP for both dominant eye and pattern is high when the patterns are never exchanged between the eyes. (C) When the stimuli are always exchanging, gratings demonstrate stabilization of eye-of-input, while the rivalrous objects demonstrate stabilization of sense of rotation. (D) When the stimuli are unpredictably exchanged, rivalrous rotating objects demonstrate persistence of the dominant sense of rotation. Gratings and translating dots show persistence of the dominant eye. (E) All trials for two subjects viewing always exchanging rivalrous hemispheres. Persistence of one color in a trial indicates persistence of a perceived direction of rotation. Alternating yellow/green indicates changes in percept that accompany stimulus exchanges, implying persistence of a dominant eye. experiment in this section. The grating experiment used the same parameters as before except that the viewing distance was increased from 57 to 70 cm. This reduced the visual extent of the stimuli which helped to further reduce the possibility of mixed percepts for some observers. Rivalrous, oppositely rotating ellipsoids were generated as prolate spheroids with polar radius of 2.23 deg and equatorial radii of 1.27 deg. Ellipsoids rotated on a vertical, equatorial axis at 50 rpm. The surface was defined by 300 randomly plotted dots (surface density 11.5 dots/dva 2 ) having the same dot size as before (3 pixels) and viewed at 57 cm. Circular patches of dots translating in opposite directions in each eye had diameter 1.6 deg and dot translation speed 2.5 deg/s. Dot density was 40 dots/dva 2 , and dot size was again 3 pixels, but viewing distance was 70 cm, yielding a dot size of 5.6 arcmin. Both authors plus five naïve observers participated in the rotating hemispheres and ellipsoid experiments. Three naïve observers and one of the authors participated in the grating and translating dots experiments.
Results
There was a dramatic difference between the different types of stimuli in the results (Figs. 2B-D) . Consistent with similar experiments (Chen & He, 2004; Pearson & Clifford, 2004) , when gratings were swapped between the eyes during interrupted viewing, observers almost always perceived a stimulus change indicating eye dominance. But when the rotating objects were exchanged, observers usually perceived the same direction of rotation indicating the dominant eye was following the dominant pattern. Previous work demonstrating persistence of a pattern across eye exchanges usually relies on fast eye switching and rapid flashing of the stimuli . It has been hypothesized that the rapid flashing of the stimuli disrupts an early competitive process thereby revealing rivalry at a later visual area (Wilson, 2003) . Our results are significant in part because they demonstrate persistence of perceptual interpretation without this experimental tactic.
Why are the results so different between the two types of stimuli? Gratings are an ideal pattern for driving orientation selective cells in primary visual cortex, where the ocular dominance functional architecture provides a basis for eye-based competition. But the representation of surfaces defined by structure from motion, and the encoding of rotation in depth, are likely subserved by visual areas beyond V1, where eye-of-origin information is lost. It is possible that the stimuli used in this experiment instigate rivalry in later visual areas where competition cannot be eye-based. Stabilization of a pattern in these areas then dominates elemental form rivalry in early visual cortex. In a control condition, observers viewed circular patches of dots translating in opposite directions in each eye. Like the gratings, these patterns show stabilization of eye rather than pattern during interrupted viewing (Fig. 2D) , implying that it is sense of rotation in depth, not direction of motion, that is stabilized in this experiment. Individual data for two subjects is shown in Fig. 2E . For the first subject (Fig. 2E, top) rotation persistence dominated overall, but in one trial and one half of two other trials, eye persistence dominated instead. This intriguing result may be evidence of a competition, or Ômetastability,Õ between multiple visual areas processing different ambiguous attributes. Usually stabilization of rotation is dominant, but occasionally stabilization of eye-of-input determines perceptual selection instead.
If competition between alternatives is taking place at multiple stages of the visual system during binocular rivalry, then information from both the dominant and suppressed eyes must be present in visual areas beyond V1. Evidence from human functional MRI (Tong, Nakayama, Vaughan, & Kanwisher, 1998) and primate electrophysiology (Sheinberg & Logothetis, 1997) suggests information from the suppressed eye is not present in parts of inferotemporal cortex. But there is evidence that cells in earlier visual areas such as V2, V4, and MT/V5 do respond to the perceptually suppressed stimulus Logothetis & Schall, 1989) . Furthermore, to some degree, streams of processing through V1 are segregated (Livingstone & Hubel, 1988) , leaving open the possibility that a gating process suppressing information in one stream may not affect another. There is also evidence of direct subcortical inputs to MT/V5 (Standage & Benevento, 1983) . This is particularly interesting because area MT has been implicated in the perception of structure from motion (Bradley, Chang, & Andersen, 1998) , and areas fed by MT have shown selectivity for rotation in depth (Sakata et al., 1994) . Therefore, there is a neural substrate to support the idea that competition is occurring between dichoptically presented, opposite senses of rotation.
These experiments suggest how to interpret the evidence for percept or pattern stabilization during binocular rivalry. If the different attributes of a stimulus are processed in parallel in a distributed network, then the dynamics of binocular rivalry induced by incompatible form or color information can be modulated by competition pertaining to the other ambiguous attributes of the stimuli. In the next experiment, we explore the generality of this idea for understanding multistable vision in cases not involving binocular rivalry.
Multiple ambiguous attributes without binocular rivalry
A Necker cube has an ambiguous interpretation as an object viewed from either above or below. An animation of a Necker cube rotating on a vertical axis has an ambiguous direction of rotation, and each direction of rotation is associated with a particular orientation or viewpoint (Fig. 3A) . Note that sense of rotation and object orientation cannot vary independently. As depicted in Fig. 3A , perceiving a particular direction of rotation defines the front faces of the Necker cube, which in turn determines the orientation of the top and bottom faces, and therefore the orientation of the entire object. Here, we exploit this perceptual locking of two ambiguous properties. We presented a rotating Necker cube using the interrupted viewing paradigm of the previous experiment. We tested which ambiguous attribute of a rotating Necker cube-orientation or sense of rotationwould be perceptually stabilized during interrupted viewing. To have the two ambiguous attributes compete, the direction of rotation was reversed each time the cube was presented. In this way, stabilization of one attribute requires a perceived change in the other attribute. For example, to see the same direction of rotation across successive presentations, the object must be perceived in the opposite orientation. Conversely, if the orientation of the object is perceived to be the same, then that must be accompanied by a perceived change in direction of rotation. Fig. 3A depicts the two versions of the animated cube that were alternately presented in this experiment (leftmost cubes in each row), along with the two possible perceptual interpretations for each. In other interleaved trials of this experiment, ambiguously rotating hemispheres defined by structure from motion were used.
Methods
In this experiment, objects were rendered at 72 Hz and not viewed with shutter glasses. The objects were viewed intermittently at a distance of 57 cm for 0.75 s separated by 1.25 s blank intervals. Necker cubes had side lengths of 3.5 deg, and hemispheres had radii of 2.0 deg. Cubes were rendered with line thickness of 2.8 arcmin and hemispheres with dot size of 3 pixels. Both cubes and hemispheres were ambiguously rotating (transparent) objects rotating at 30 rpm. Hemispheres had 200 dots randomly plotted on the surface (dot density 4 dots/dva 2 ). Note that continuously viewing Necker cubes from the accidental viewpoint of 0 deg tilt in orthographic projection yields an object that is difficult to perceive as a cube. However, all observers reported that when viewed intermittently for very short periods (0.75 s), the stimulus did clearly look like a rotating object. The task was to press a key indicating which direction of rotation was perceived. Objects were presented with the vertical axis of rotation either in the plane of screen or tilted out of the plane of the screen at 4 or 12 deg in different conditions (both the object and axis of rotation were tilted). Four naïve observers plus the two authors participated. Each observer viewed 18 randomly interleaved 16 second trials for each object type (cubes and hemispheres).
Results
At zero tilt, a Necker cube does not have ambiguous orientation, and we find that sense of rotation is stabilized in this case (Fig. 3B) , consistent with previous work with other objects (Chen & He, 2004; Leopold et al., 2002) . But as tilt is increased, a Necker cube shows progressively greater persistence of orientation. We can understand the intermediate case (4 deg) as demonstrating a balance between competing pressures to stabilize each ambiguous attribute. These results demonstrate that both ambiguous properties can contribute to perceptual stabilization, and that stabilization of orientation has greater influence than sense of rotation when there is greater evidence that a cube is in a particular orientation. A Necker cube has two distinct orientations clearly defined by the parallel top and bottom surfaces, but a rotating hemisphere does not. Instead of persistence of orientation, the hemispheres demonstrate persistence of direction of rotation over the small range of tilts employed here.
Discussion
Other studies have suggested that bistable vision is mediated by competition between rival perceptual interpretations (Logothetis, 1998) or object-based attention (Mitchell, Stoner, & Reynolds, 2004) . The role of frontoparietal areas have also been implicated in mediating perceptual competition (Lumer, Friston, & Rees, 1998) . We find that different object attributes can be processed independently. This suggests an alternative view that during bistable perception rivalry occurs locally in areas processing the particular ambiguous attributes of a visual pattern.
Our point is that perceptual selection can be influenced by attribute rivalry occurring in parallel at different levels of visual processing, both during binocular rivalry and while viewing multistable figures. Our experiments contribute to this conclusion as follows. Experiment one demonstrates that it is possible for the different ambiguous properties of a visual object to undergo independent alternations. Experiment two shows that when a rivalrous stimulus has an additional high-level ambiguous attribute (such as direction of rotation), then it is possible for this attribute to determine perceptual selection. Finally, in experiment three, this idea is extended for multistable vision that does not involve binocular rivalry. In this experiment, multiple ambiguous properties contribute to perceptual selection in a competitive fashion.
More specifically, we propose that the source of perceptual selection of the winning alternative is attributespecific and can be distributed throughout the visual processing streams. For instance, in experiment two, when observers report rotational, rather than eye, persistence we suggest that a high-level visual area processing direction of rotation is the source of perceptual selection. When instead, an eye of input is stabilized, an early cortical area is likely the source of selection. We think it is important to distinguish conceptually between the source of perceptual selection and the site(s) at which selection is effected. This distinction acknowledges the possibility that the source of perceptual selection may be different from the location where an alternative perceptual interpretation is suppressed. For example, it is possible that the source of perceptual selection in multistable vision is distributed and attribute-specific, but that feedback to early visual cortex acts to suppress the alternative (e.g., Alais & Blake, 1998; Wilson, 2003) or, conversely, to enhance the winning interpretation (e.g., Grossmann & Dobbins, 2003) .
